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Chromatin is considered to be a principal carrier of epigenetic information due to the ability of alternative
chromatin states to persist through generations of cell divisions and to spread on DNA. Replacement histone
variants are novel candidates for epigenetic marking of chromatin. We developed a novel approach to analyze
the chromatin environment of nucleosomes containing a particular replacement histone. We applied it to
human H2AZ, one of the most studied alternative histones. We find that neither H2AZ itself nor other features
of the H2AZ-containing nucleosome spread to the neighboring nucleosomes in vivo, arguing against a role for

H2AZ as a self-perpetuating epigenetic mark.

Packaging into chromatin is a key distinguishing character-
istic of the eukaryotic genome. Chromatin exists in different
higher-order structures, which vary in terms of the degree of
DNA condensation and methylation, the accessibility of the
chromatin for regulatory proteins, and various histone post-
translational modifications (9). Different histone modifications
were shown to be associated with different functional states.
The extreme density and variety of modifications and their
association with various functional states of chromatin have led
to the “histone code” hypothesis (14, 38, 41), which postulates
that the posttranslational modifications of core histones con-
trol association of chromatin with regulatory proteins, which
regulate the structure and activity of chromatin.

An important aspect of the histone code is its postulated
epigenetic role. Currently, the term “epigenetic” is used to
describe heritable or stable changes of phenotype that do not
depend on changes in primary DNA sequence (34). Chromatin
is considered a principal carrier of epigenetic information (9).
However, unlike DNA replication, which relies on the comple-
mentary base-base recognition (44), the postulated epigenetic
templating mechanisms depend on preferential recruitment of
the enzymes that deposit particular epigenetic marks (DNA
methylation, histone acetylation, or methylation) on chromatin
to sites containing the same mark (13, 14, 28, 42).

The replacement histone variants add another dimension to
the field of histone code studies (16, 33, 35, 43). Unlike their
canonical counterparts, the replacement histones are ex-
pressed in a replication-independent manner and employ spe-
cialized machineries for their deposition into chromatin (21,
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24, 40). They can be associated with active or silenced chro-
matin and are involved in the regulation of gene expression
and the organization of chromatin structure (16, 17, 22). Re-
cent studies also suggest a role for replacement histones in
epigenetic templating. One example is provided by neocentro-
meres in higher eukaryotes. Their formation and propagation
do not require a particular DNA sequence (1, 5). CenpA, the
specialized version of H3 histone, replaces H3 in the centro-
meric nucleosomes and likely serves as an epigenetic mark
determining the maintenance of the centromere-specific nu-
cleoprotein complex independent of DNA sequence (1, 5).

Compared to that for the H3-like replacement histones, an
epigenetic role for the H2A-like or H2B-like replacement his-
tones remains relatively unexplored. The H2A/H2B pair differs
from the H3/H4 pair of the core histones in a number of
important aspects, such as in the deposition mechanisms (37)
and in having a more peripheral location in the nucleosome
(20) and a less stable association with DNA (15).

In this study, we focus our attention on the mammalian
histone H2AZ. This replacement histone variant is essential
for survival and is highly conserved through the eukaryotic
domain. Recent studies on Saccharomyces cerevisiae demon-
strate that H2AZ is nonrandomly distributed throughout the
genome of this organism, concentrating mostly in intergenic
regions (12, 19, 31, 45). The mapping of the position of H2AZ
with nucleosome-level resolution shows that H2AZ-containing
nucleosomes are highly localized (12, 31, 45) and in many cases
do not spread to more than two nucleosome positions (12, 31).

In this work, we use H2AZ as a model to develop a novel
strategy to study the chromatin environment of a particular
replacement histone variant in mammalian cells. Consistent
with the data obtained with yeast, we show that neither H2AZ
itself nor other features of the H2AZ-containing nucleosome
spread to the neighboring nucleosomes in vivo, arguing against
a role for H2AZ as a self-perpetuating epigenetic mark.
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MATERIALS AND METHODS

Cell culture and cell lines. HeLa S3 and NIH 3T3 cells were grown in Dul-
becco’s modified Eagle’s medium with 10% fetal bovine serum, and the C2C12
cells were grown in Dulbecco’s modified Eagle’s medium with 15% fetal bovine
serum. The HeLa S3 cells expressing the epitope-tagged histones (epi:H2A and
epi:H2AZ) were generated by retroviral transduction according to a previously
established procedure (26).

MS. The peptide mixtures obtained from tryptic digestion of the bands on the
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel
were analyzed by nano-high-pressure liquid chromatography (LC) (LC Packing)
directly coupled to an ion-trap mass spectrometer (MS) (ThermoFinnigan LCQ
Deca XP) equipped with a nanoelectrospray source. The samples were run in two
different modes. For peptide identification, the ion trap acquired successive sets
of six scan modes consisting of full-scan MS over a range of 200 to 2,000 m/z,
followed by five data-dependent tandem MS (MS-MS) scans on the five most
abundant ions in the full scan. The MS-MS spectra were acquired with relative
collision energy of 35% and an isolation width of 2.0 Da. Their interpretation was
performed with the Bioworks software package. Alternatively, for the confirma-
tion and quantification of the presence of a particular peptide in the sample, the
ion trap was set in a selection reaction monitoring mode. The quantities of the
corresponding peptides were estimated by use of the peak intensities.

Recombinant expression plasmids. To generate H2A and H2AZ expression
plasmids, cDNAs for these histones (purchased as expressed sequence tag clones
from Invitrogene; 4702210 for H2AZ and 3353785 for H2A) were PCR amplified
and subcloned in frame into a pPOZFHHN or pOZFHHC vector (V. Ogryzko
and U. Mechold, unpublished data) or as cyan fluorescent protein (CFP) or
yellow fluorescent protein (YFP) fusions into the pOZFHHN vector.

Antibodies. Antibodies against trimethyl H4K20, H3K9, and H3K27 were gifts
from T. Jenuwein. Anti-trimethyl H3K4 was a gift from B. Turner. Anti-hem-
agglutinin (anti-HA) was purchased from Roche, anti-H2AZ from Abcam, and
anti-methylcytosine from VWR. Secondary goat anti-rabbit antibody was from
Daco.

Purification of the epi:H2AZ-containing octamer and its neighborhood. The
nuclear pellet was prepared according to the protocol described in reference 6.
It was further washed with 600 mM NaCl in 20 mM Tris (pH 8.0), 10% glycerol,
0.1% Tween and then resuspended in an equal volume of nuclease digestion
buffer (0.34 M sucrose, 10 mM Tris [pH 7.5], 3 mM MgCl,, 1 mM CaCl,). The
nuclei were incubated with micrococcal nuclease for 20 min at 37°C until the
reaction was stopped with 4 mM EDTA. To release the undigested chromatin,
the pellet was sonicated and the size of chromatin fragments was monitored by
use of a 2% agarose gel. The unsolubilized material was removed by centrifu-
gation at 16,000 X g for 30 min, and the supernatant was dialyzed against 300
mM KCI in 20 mM Tris (pH 8.0), 10% glycerol, 0.1% Tween overnight. The
precipitated material was removed by centrifugation at 45,000 X g for 30 min.
The double-tag purification was performed as described in reference 26, except
that at the second step Ni-nitrilotriacetic acid (NTA)-agarose (QIAGEN) was
used. Briefly, 5 ml of chromatin solution was incubated overnight with 500 .l
(packed volume) of the anti-FLAG agarose beads (Sigma) and washed five times
with 300 mM KCl in 20 mM Tris (pH 8.0), 10% glycerol, 0.1% Tween, and the
epi:H2AZ-containing chromatin fragments were eluted with 500 pl of FLAG
peptide (1 mg/ml FLAG peptide in 300 mM KCl in 20 mM Tris [pH 8.0], 10%
glycerol, 0.1% Tween). Fifty microliters of Ni-NTA-agarose was added to the
FLAG eluate and incubated for 2 h. The Ni-NTA beads were washed with the
same washing buffer. The final elution with 250 mM imidazole (in 20 mM Tris
[pH 8.0], 10% glycerol, 0.1% Tween) was done after the elution with 2 M NaCl
in 20 mM Tris (pH 8.0), 10% glycerol, 0.1% Tween. Alternatively, for the
preparation of mononucleosomes containing epitope-tagged histones, we per-
formed more-intensive micrococcal nuclease digestion of purified chromatin and
isolated mononucleosome-sized chromatin fragments after 10 to 35% glycerol
gradient fractionation. The double-tag purification was performed as described
above, except the 2 M NaCl elution step was omitted and the epi:H2AZ-con-
taining chromatin was eluted with imidazole.

Immunofluorescence and confocal microscopy. C2C12 cells were chosen as a
convenient positive control for euchromatin and heterochromatin staining, due
to the presence of prominent heterochromatin domains in these cells. Confocal
images of C2C12 cells stained with anti-histone antibodies and epi: H2A-/H2AZ-
expressing HeLa cells were taken with a Leica TCS SP microscope equipped with
argon and UV lasers. The cells were fixed with 4% paraformaldehyde, perme-
abilized with 0.3% Triton, and blocked with 0.3% bovine serum albumin before
being treated with primary and secondary antibodies. The colocalization analysis
was performed on NIH 3T3 cells grown on chambered coverslips and transfected
with Polyfect (QIAGEN) according to the manufacturer’s protocol and per-
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formed 2 days after transfection by use of a confocal Zeiss LSM510 microscope.
Alternatively, 293T cells were transfected by use of the calcium phosphate
method and analyzed 1 or 2 days after transfection. The colocalization analysis
was performed with LSM Examiner software.

Western and slot blot analyses. Separation of proteins was performed in 18%
Tris-glycine SDS-polyacrylamide gels for silver or Coomassie staining and West-
ern analysis. Proteins were transferred to nitrocellulose membranes and probed
with antibodies according to the standard procedure. For analysis of DNA
methylation, serial dilutions of DNA from epi:H2AZ- and epi:H2A-containing
chromatin fragments were transferred to nitrocellulose membrane via a slot
blotting device and subsequently cross-linked for 2 h at 80°C in vacuum. The
membranes were blocked in 5% fat-free milk and probed with anti-methylcytosine
antibody according to the standard procedure.

RESULTS

Purification of H2AZ-containing histone octamer and of its
nucleosome neighbors. We first generated HelLa cell lines sta-
bly expressing epitope-tagged H2AZ and canonical H2A his-
tones by retroviral transduction, according to an established
protocol (26). One exception was a modification for the pre-
viously used pOZ vector to include the six-His tag in addition
to the FLAG and HA epitope tags (P OZFHHN or pOZFHHC
vectors [U. Mechold and V. Ogryzko, unpublished data). Both
N-terminally and C-terminally tagged versions of these his-
tones were generated to account for possible effects of the tag
on protein function.

According to their association with mitotic chromosomes,
the triple-tagged H2AZ and H2A (epi:H2AZ and epi:H2A)
were incorporated into chromatin (Fig. 1A shows the N-ter-
minal constructs; the C-terminal constructs are not shown). The
expression level of epi:H2A was on the order of 1% of that of
the endogenous protein (not shown), as judged by Coomassie
staining. The expression level of epi:H2AZ, estimated by West-
ern analysis with anti-H2AZ antibody, was less than 30% of
that of the endogenous protein (Fig. 1B). Because of the rel-
atively low expression level of epi:H2AZ, it should be signifi-
cantly diluted in the pool of endogenous H2AZ, ensuring that
most of the other H2AZ molecules, if present in the same
chromatin fragment, should be untagged (also see Discussion).

We used a double-affinity-step procedure to purify the nu-
cleosomes containing epitope-tagged H2AZ. To separate the
histone octamer containing H2AZ histone from its neighbor-
ing nucleosomes, we employed the fact that histone-DNA in-
teraction is disrupted by a high salt concentration, whereas the
histone octamer is stable under the same condition (7). Since
the interaction of the six-His tag with Ni*"-immobilized metal
affinity chromatography resin is also resistant to high salt
concentrations, we used this tag for the last step in the
affinity purification of the chromatin fragments containing the
epitope-tagged H2AZ (Fig. 1C; see Materials and Methods for
details). Figure 1D shows the DNA and protein contents of the
fractions obtained in our purification. As expected, DNA (cor-
responding mainly to the mono-, di-, and trinucleosomes) is
eluted after the salt treatment (Fig. 1D, bottom left). The
histones in the same sample (Fig. 1D, top left) are presented in
a stoichiometrical ratio reflecting the usual octamer composi-
tion (two of each of the H2A, H2B, H3 and H4 histones). The
imidazole elution does not yield significant amounts of DNA
(Fig. 1D, bottom right) and the histone composition of the
eluted octamer (Fig. 1D, top right) reflects the presence of one
molecule of epitope-tagged H2A(H2AZ) histone and one mol-
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FIG. 1. Separate isolation of H2AZ-containing histone octamer and its nucleosome neighbors. (A) epi:H2A and epi:H2AZ are incorporated
into chromatin. Mitotic cells expressing epi:H2A (top) and epi:H2AZ (bottom) were stained with anti-HA antibody (left) and Hoechst (right).
(B) Expression levels of epi:H2AZ. Left panel: Western analysis of histones from control cells (ctrl) and from cells expressing C-terminally tagged
H2AZ (ZC) and N-terminally tagged H2AZ (ZN) with antibody against H2AZ. Right panel: the same samples analyzed with anti-HA antibody.
Numbers to the left of the panels indicate molecular mass in kDa. (C) The elution scheme. After immobilization of epi:H2AZ-containing
chromatin on the Ni**-agarose, the DNA together with the histone octamers from the neighboring nucleosomes was evaluated by 2 M NaCl.
Subsequently, the histone octamer containing the epitope-tagged histone was eluted with 250 mM imidazole. (D) Analysis of the NaCl and
imidazole fractions. NaCl (left) and imidazole (right) fractions were analyzed for protein (top) and DNA (bottom) content. Positions of regular
and epitope-tagged histones are indicated to the left of the top panel. Positions of the tri-, di-, and mononucleosomal (mono) DNA are indicated

on the left of the bottom panel. EtBr, ethidium bromide.

ecule of an endogenous H2A histone species (best judged by
the changed ratio between H2B and H2A bands compared to
that for the salt-eluted histones).

H2AZ-containing nucleosomes are enriched in histone post-
translational modifications marking both active and silenced
chromatin. Active and silenced chromatin states are marked by
different posttranslational modifications (14, 42). Accordingly,
we tested the H2AZ-containing histone octamer with a set of
antibodies highly specific for different activation- and silenc-
ing-associated trimethylated histones H3 and H4.

As expected, the H4K20, H3K9, and H3K27 antibodies
stained mostly heterochromatin in control immunofluores-
cence experiments, while H3K4 did not (Fig. 2A). Surprisingly,
Western analysis revealed that compared to the epi:H2A-con-
taining octamers, which represent an average nucleosome, the

epi:H2AZ-containing octamers are enriched in both repres-
sion-specific K9 and K27 trimethylation and activation-specific
K4 tri- and dimethylation of histone H3 (Fig. 2B). On the other
hand, the H4 trimethylated in K20, which also marks repressed
chromatin (Fig. 2A), was detected preferentially in the octam-
ers with canonical H2A histone. Impressively, the same detec-
tion pattern was seen in both N-terminally and C-terminally
tagged H2AZ/H2A pairs (Fig. 2A, compare left and right pan-
els). Thus, in the context of the H2AZ-containing nucleosome,
we were able to dissociate different modifications associated
with silencing. Equally intriguing is a finding that some repres-
sion- and activation-associated modifications (K9/27 and K4)
of H3 histone were both enhanced in the H2AZ-containing
octamer.

In addition to performing an analysis of histone modifica-
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FIG. 2. Association of H2AZ with markers of active and repressed chromatin. (A) Staining of C2C12 cells with the antibodies against
trimethylated histones. C2C12 cells were stained with antibodies specific for trimethylated lysines H3K4, H4K20, H3K9, and H3K27 (right) and
with Hoechst (left). (B) Western analysis of H2AZ- and H2A-containing nucleosomes with the same antibodies. Histones H3 and H4 from the
epi:H2A (right of each panel; labeled “A”)- and epi:H2AZ (left; “Z”)-containing octamers were analyzed by Western analysis with antibodies
specific for methylated lysines H3K4, H3K9, H3K27, and H4K20. Octamers obtained by both N-terminal (left panel) and C-terminal (right panel)
tagging were analyzed. The bottom three lanes correspond to antibodies against H4, H3 histones, and HA epitope used for normalization.
(C) H2AZ nucleosome is enriched by cytosine methylation. A slot blot analysis of a serial twofold dilution of DNA from the nucleosome
preparations shown in Fig. 1D, bottom, is shown. After fixation on filters, the presence of methylated cytosine in DNA was detected with
anti-methylcytosine antibody. Shown are the concentrations of DNA at the start and the end of serial dilutions.

tions, we analyzed DNA from our preparations of H2AZ- and
H2A-containing chromatin on the presence of cytosine meth-
ylation. Consistent with our observation of enrichment of
H2AZ-containing nucleosomes with H3 K9/27 methylation, we
found that the DNA from the epi:H2AZ-containing nucleo-
some is enriched by cytosine methylation compared to the
epi:H2A-containing nucleosomes, which represent bulk chro-
matin (Fig. 2C).

In accordance with the complex pattern of the H3 histone
methylation in the H2AZ-enriched octamer, we could not as-
sign H2AZ to either heterochromatin or euchromatin by mi-
croscopy (regular immunofluorescence with epitope-tagged
proteins and YFP-H2AZ fusions in NIH 3T3, HeLa, and 293
cells was used; not shown). However, when YFP-H2AZ was

cotransfected with CFP-H2A and their localizations were com-
pared in the same cell, the distinct localization of H2AZ could
be indirectly inferred by the analysis of the CFP-YFP colocal-
ization coefficients (Fig. 3, compare colocalization coefficients
for the CFP-H2A/YFP-H2A and CFP-H2A/YFP-H2AZ co-
transfections).

Untagged H2A(H2AZ) species in the epi:H2AZ-enriched
chromatin are predominantly canonical H2A histone. Com-
pared to the H3/H4 pair of core histones, the H2A/H2B pair of
histones has a relatively high exchange rate on chromatin 15
(Mechold and Ogryzko, unpublished data; data not shown for
the H2AZ histone). If H2AZ serves as an epigenetic mark,
one should consider mechanisms that maintain the H2AZ
presence in particular chromatin loci in spite of this relatively
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FIG. 3. Analysis of colocalization of H2A and H2AZ. NIH 3T3 cells were transfected with vectors expressing CFP-H2A and YFP-H2A fusions
(left) or CFP-H2A and YFP-H2AZ fusions (right). The top shows typical images of transfected cells, with green and red pseudocoloring of the
CFP and YFP signals, respectively. Shown on the bottom are the results of typical colocalization analysis. The color coding indicates the
frequencies (with red corresponding to the highest and blue corresponding to the lowest) of the occurrence of pixels with given intensities of CFP
(CA) and YFP (YA, YZ) signals. The correlation coefficients with the deviations obtained by averaging the colocalization coefficients measured

for 10 different cells are shown on the left top corner of each diagram.

high mobility. One possible mechanism is epigenetic templat-
ing, i.e., direct recruitment of the H2AZ deposition machinery
by the H2AZ-containing chromatin (see Fig. 6).

If the H2AZ deposition machinery is preferentially recruited
to the H2AZ-containing chromatin, it should lead to the pres-
ence of another H2AZ molecule either on the same nucleo-
some (“homotypic” nucleosome [36]) or in a neighborhood
close to the H2AZ-containing nucleosome. To test this possi-
bility, we analyzed the H2AZ-containing octamer and the
neighboring nucleosome for the presence of another H2AZ
molecule. Western analysis with anti-H2AZ antibody demon-
strated only trace amounts of untagged H2AZ present in the
epi:H2AZ-containing nucleosome or in its neighborhood,

comparable with the amounts of H2AZ present in the canon-
ical epi:H2A nucleosome (Fig. 4A). To confirm this result, the
bands corresponding to untagged H2A or H2AZ histone were
excised from the SDS-PAGE gel (Fig. 4B, top left, for N-
terminally tagged histones and Fig. SA for C-terminally tagged
histones) and analyzed by mass spectrometry. Only H2A his-
tone-specific peptides were detected in these bands, with the
histone preparations obtained with either N-terminal or C-
terminal H2A and H2AZ tagging giving very similar results
(Fig. 4B, top left, for N-terminal tagging; C-terminal tagging
results not shown). The same H2A bands were also indepen-
dently analyzed on a quadrupole time of flight mass spectrom-
eter, with the same conclusions reached (A. Imhof, not shown).
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No enrichment by the second H2AZ molecule in the H2AZ-
containing octamer or in its neighborhood. To detect the pres-
ence of trace amounts of H2AZ in the untagged H2A bands,
the mass spectrometer was set in a more sensitive acquisition
mode to detect directly the H2AZ-specific peptide (GDEEL
DSLIK) and, as a normalization control, a common peptide
shared by H2A and H2AZ (AGLQFPVGR) (Fig. 4C). In this
acquisition mode, the H2AZ-specific peptides were easily de-
tected in the untagged H2A histone species (Fig. 5A, right, for
the C-terminally tagged H2AZ, and 5B for the N-terminally
tagged H2AZ). Their identities were confirmed by MS-MS
analysis (Fig. 5B, right and bottom, for the N-terminal con-
structs; not shown for the C-terminal construct). However, the
peak intensity of the H2AZ-specific peptide (Z) in the un-
tagged H2A band relative to the common peptide (A/Z) was 2
orders of magnitude lower than that for the pure recombinant
epi:H2AZ obtained from the same gel (Fig. 5A, top line, O,
top band), corresponding to approximately 3% of H2AZ his-
tone in the untagged H2A band. Importantly, the analysis of
the untagged H2A band from total HeLLa chromatin yielded a
similar amount of the H2AZ-specific peptides (Fig. SA, top
left, for the protein profile and Fig. 5A, bottom, for the peak
intensity), indicating that there is no enrichment by the second
H2AZ molecule in the epi:H2AZ-containing octamer or in its
nucleosome neighborhood compared to what is seen for an
average nucleosome.

Importantly, omission of the salt elution step gave practically
the same result as the two-step elution scheme (not shown),
ruling out salt elution as a cause of a possible artifact. In
addition to analysis of oligonucleosomes containing epi:H2AZ,
we also performed more-intensive micrococcal nuclease diges-
tion and glycerol gradient fractionation to purify single mono-
nucleosomes containing epi:H2AZ (Fig. 5C). The MS-MS
analysis of the untagged H2A(H2AZ) band from this prepa-
ration showed practically the same amount of H2AZ-specific
peptides as the oligonucleosome analysis (Fig. 5B, Mono
panel).

Similar mass spectrometry analysis was also performed on
chromatin fragments (from regular HeLa cells) of lengths of 2
or 3 nucleosomes that were purified with antibody against
native H2AZ. In this case, the ratio of H2AZ-specific peptide
to common peptide reflected that H2AZ comprised 20% of the
total H2A (Fig. 5B, IP aH2AZ panel). This corresponds to
approximately one H2AZ molecule per two or three nucleo-
somes and is consistent with the conclusions based on tandem
affinity purification.

The data above indicate that the H2AZ deposition in vivo is
a highly localized phenomenon limited to only one H2AZ/H2B
dimer per several nucleosomes. Consistent with the absence of
any enrichment of H2AZ in the neighborhood of the H2AZ-
containing nucleosome, the analysis of posttranslational mod-
ifications shows differences much less pronounced between the
H2A and H2AZ neighborhoods (Fig. 5D) than between the
H2A and H2AZ octamers.

DISCUSSION

Methodology. Mapping of H2AZ localization with the chro-
matin immunopurification technique requires analysis of chro-
matin obtained from millions of cells. Since the H2AZ nucleo-

FIG. 4. Analysis of the endogenous H2A bands in the H2AZ-containing octamer and the neighboring nucleosomes. (A) Western analysis results. Histones from the epi:H2AZ- and
epi:H2A-containing octamers or their neighborhoods (0Z, 0A, nZ, and nA, respectively), were analyzed with anti-HA (top), anti-H2AZ (middle), and anti-H4 (bottom) antibodies. The lower

part of the anti-H2AZ blot, overexposed to reveal endogenous H2AZ, is also shown (aH2AZ*). (B) Results of a mass spectrometry analysis of the H2A(H2AZ) bands in identification mode.

The bands corresponding to the H2A(H2AZ) histone from different samples (shown boxed on the left panel) were excised and analyzed by nano-LC/MS-MS in identification mode. Top left
shown in panel B are boxed. Indicated are the A/Z and the Z peptides used for quantification of the H2AZ content in the endogenous H2A/Z bands shown in Fig. 5. (D) Confirmation of peak

identity by MS-MS analysis. Left: MS2 spectra of the common A/Z peptide AGLQFPVGR from the epi:H2AZ band. Right: MS2 spectra of the specific Z peptide GDEELDSLIK from the

panel: A, e:H2A octamer and neighborhood; Z, e:H2AZ octamer and neighborhood. The positions and intensities of the peaks corresponding to the H2A- and H2AZ-specific peptides are shown
on the chromatograms (right panel and bottom). (C) Alignment of the H2A and H2AZ peptide sequences. The locations of all peptides used for identification of the endogenous H2A bands
epi:H2AZ band. Shown to the left of each panel are the expected ions from the Y and B series. Shown to the right are the detected ions from the Y and B series. AA, amino acid.
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somes might not always be the same in different cells, this
approach will tend to overestimate the extent of H2AZ spread-
ing throughout the genome (as has been suggested by others to
account for a wider-than-usual distribution of H2AZ around
HZAD genes [12, 23]). The approach developed in this work
avoids the aforementioned problem by allowing analysis of
nucleosomes physically linked to the epitope-tagged H2AZ
nucleosome in each individual cell. By taking advantage of the
fact that both the histone octamer structure and the six-His
interaction with Ni?"-immobilized metal affinity chromatog-
raphy resin tolerate high ionic strength, we for the first time
purified for separate analysis a histone octamer that contains a
particular histone variant and its nucleosome neighborhood.

A crucial requirement of our approach is a low level of the
epitope-tagged histone expression compared to its endogenous
H2AZ counterpart (Fig. 1B). This should make deposition of
several epitope-tagged histones side by side very unlikely. The
expression and eventual deposition of epitope-tagged H2AZ
include transcription of the epi:H2AZ gene, mRNA process-
ing, transport to the cytoplasm, mRNA translation to epitope-
tagged H2AZ, and incorporation of the H2AZ into the depo-
sition complexes and their transport back to the nucleus. At
least one of these steps is expected to include randomization
and mixing of the epi:H2AZ mRNA or protein with endoge-
nous H2AZ mRNA or H2AZ histone. Thus, the low relative
expression of epi:H2AZ should ensure that most other H2AZ
molecules, if present in the same chromatin fragment, are
untagged.

As histones are highly conserved proteins, a potential prob-
lem with our approach is the introduction of an artifact due to
epitope tagging. We addressed this problem by using both
N-terminal and C-terminal tagging of H2AZ to make our con-
clusions less dependent on the potential effects of this proce-
dure. While in other cases the site of tagging could significantly
affect the protein properties, we did not detect any dramatic
differences for the H2AZ/H2A histones in this respect.

The strategy described here can be applied directly to any
histone variant. The list of the replacement histone variants is
growing (2, 3, 11), and analysis of the sequence databases
reveals the existence of many as-yet-uncharacterized open
reading frames encoding new histone variants (not shown).
Our procedure should contribute to better understanding of
their biological roles and their involvement in epigenetic cod-
ing of the chromatin state.

Implications for the histone code hypothesis. Using our pu-
rification scheme, we were able to compare different histone
modifications in the context of the H2AZ-containing nucleo-
some and its neighboring nucleosomes. This analysis revealed
that the H2AZ-containing octamers are enriched in some post-
translational modifications marking both active and silenced
chromatin. Consistent with the finding of the repression-spe-
cific histone marks, we also observe enhanced cytosine meth-
ylation in the H2AZ-containing nucleosomes. Notably, we also
observed dissociation between the repression-specific H3 K9/
K27 and H4 K20 in the H2AZ-containing nucleosome. As
H2AZ constitutes approximately 3% of the total H2A in mam-
malian cells, the dissociation between the H3 K9/K27 and H4
K20 methylations and the correlation between the H3K4 and
K9/27 methylations, both clearly seen in the context of the
H2AZ-containing nucleosome, are hard to observe in an anal-

FIG. 5. No enrichment by the second H2AZ molecule in the H2AZ-containing octamer or in its neighborhood. (A) Analysis of the chromatin containing C-terminally tagged H2AZ.

The bands corresponding to the untagged H2A(H2AZ) histone from different samples (SDS-PAGE gel shown boxed on the top left panel) were excised and analyzed by
A/Z and Z peaks are shown on the top right corner of each chromatogram. Top left panel: O, octamer; N, neighborhood; A, epi:H2A octamer and neighborhood; Z, epi:H2AZ octamer

and neighborhood; Total HeLa, histones obtained from HeLa cells by acid extraction. (B) Analysis of the chromatin containing N-terminally tagged H2AZ and various controls. Similar
analyses were performed on the chromatin with N-terminally tagged H2AZ and in various control experiments. Octamer, untagged H2A(H2AZ) band from the epi:H2AZ-containing

octamer; Mono, untagged H2A(H2AZ) band from the epi:H2AZ-containing mononucleosome (see panel C); e:H2AZ, epitope-tagged H2AZ band from the epi:H2AZ-containing
Right: SDS-PAGE analysis of histone composition of the mononucleosome. M, Seeblue marker (Invitrogen); MN, bands corresponding to histones H3, H4, H2A(H2AZ), H2B, and

epi:H2AZ. The boxed protein band corresponding to untagged H2A(H2AZ) histone was excised and analyzed by use of LC/MS-MS (panel B, Mono). (D) Analysis of posttranslational
modifications of the nucleosome neighbors of the epi:H2AZ- and epi:H2A-containing nucleosomes. Histones H3 and H4 from the C-terminally tagged epi:H2A (right of each panel;
“A” column) and epi:H2AZ (left; “Z”) nucleosome neighborhoods were analyzed by Western analysis with antibodies specific for methylated lysines H3K4, H3K9, H3K27, and H4K20.

the mononucleosome preparation. M1 and M2, DNA ladders. In lane MN, the DNA band from the mononucleosome preparation of approximately 150 bp is indicated by an arrow.
The two bottom panels correspond to antibodies against H4 and H3 histones used as normalization controls.

nano-LC/MS-MS set to detect the H2AZ-specific (GDEELDSLIK) and common (AGLQFPVGR) peptides (right panel; Z and A/Z, respectively). The ratios of the intensities of the
octamer; IP aH2AZ, untagged H2A(H2AZ) band from the chromatin fragments obtained by immunoprecipitation with antibody against native H2AZ. The identities of the
H2AZ-specific peaks were confirmed by MS-MS spectra shown on the right and at the bottom. (C) Purification of epi:H2AZ-containing mononucleosome. Left: analysis of DNA from
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FIG. 6. Model of a replacement histone action in epigenetic tem-
plating. A replacement histone in the chromatin could act as a self-
perpetuating epigenetic mark, signaling for recruitment of its own
deposition machinery. We consider the consequences of the histone
loss in three cases: cases I and II have another molecule of the same
histone present either in the close neighborhood (case I) or in the
same octamer (case II), and case III has no second molecule present.
In both cases I and II, the second molecule of the replacement histone
provides a memory that allows cells to recover the original state of
chromatin by recruiting the deposition machinery to the site. In the

third case, the information is lost and the recovery of the original state
is not possible.

ysis of bulk chromatin. Our finding underscores the impor-
tance of analyzing different histone modifications in the con-
text of other histone variations.

Implications for epigenetic maintenance. Compared to the
H3/H4 pair of core histones, the H2A/H2B pair of histones has
relatively high mobility. Since recent findings are consistent
with H2AZ playing a role as an epigenetic mark poising pro-
moters for transcriptional activation (12, 19, 31, 45), the ques-
tion of how this mark could be maintained on a particular
chromatin site despite its relatively high mobility attains crucial
importance. This possibility is not without a precedent; for
example, the dynamic association of HP1 with chromatin is
consistent with its crucial role in the maintenance of stable
heterochromatin states (4, 10).

To account for the possibility of H2AZ acting as an epige-
netic chromatin mark, the simplest model to consider is the
direct recruitment model depicted in Fig. 6. Similar to the
other epigenetic templating mechanisms (proposed for DNA
methylation, histone acetylation, and methylation [13, 14, 28,
42]), H2AZ could be directly involved in the maintenance of a
particular chromatin state by serving as a mark that determines
preferential recruitment of the H2AZ deposition machinery to
the H2AZ-containing chromatin. This mechanism would en-
sure recovery of the H2AZ-containing chromatin state follow-
ing its loss in processes such as transcription, DNA damage/
repair, and thermal noise.

This model predicts either the presence of a second H2AZ
in the same octamer (homotypic nucleosome) or its spread to
the neighboring nucleosome. In fact, the homotypic nucleo-
some composition in vivo was observed in the case of two
H3-like replacement histones, H3.3 and CenpA, consistent
with their suggested role in epigenetic maintenance (25, 36,

MoL. CELL. BIOL.

40). The prediction was also consistent with the crystallo-
graphic analysis of an in vitro-reconstituted nucleosome con-
taining H2AZ, which led to the conclusion that H2AZ cannot
coexist in the same nucleosome with regular H2A (39). Con-
trary to the second prediction of the model and contrary to the
conclusions from the crystallographic analysis, we found al-
most no presence of another H2AZ molecule either in the
H2AZ-containing nucleosome purified directly from cells or in
its nucleosome neighborhood. Furthermore, the fact that we
found trace amounts of the second H2AZ in both cases simply
reflects the probability of finding H2AZ in an average HelLa
nucleosome and therefore strongly argues against preferential
concentration of the H2AZ molecules in close vicinity to one
another.

Experimental evidence indicates that H2AZ is enriched in
some areas in the nucleus directly compared to regular H2A
(Fig. 3) (8, 18, and 32). However, the resolution of a confocal
microscope cannot discriminate how close to each other the
H2AZ molecules are in these areas. Our biochemical data
argue against a particular model that suggests the direct in-
volvement of H2AZ in epigenetic templating (Fig. 6). Never-
theless, we cannot exclude the possibility that the domains
enriched in H2AZ histone are maintained via an epigenetic
mechanism that involves H2AZ in a less direct way.

Given the evidence toward a role for the H3-like variant
histones in epigenetic stability (25, 36, 40), the fact that we
could not find similar evidence for an H2A class variant his-
tone could reflect yet another essential difference between the
H3/H4 and H2A/H2B-like histones. However, we cannot rule
out the possibility that the direct recruitment model will be cor-
rect for other replacement H2A/H2B variants. We hope that
the methodology introduced in this work will be useful in
addressing the role of replacement histone variants and chro-
matin in general in the maintenance and transmission of epi-
genetic information.
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